This review article summarises hepatitis E virus (HEV) blood donation screening strategies in effect in the European Union (EU). Since 2012, eight EU countries have implemented HEV screening. Local rates of seroprevalence, RNA incidence, and molecular epidemiology are variable and not usually directly comparable. We report a range of HEV-RNA reactivity rates from 1 in 744 donations (France) to 1 in 8,636 donations (Wales) with an overall EU rate of 1 in 3,109 donations (3.2 million donations screened). HEV genotypes 3c, 3e, and 3f are the most frequently reported subtypes. In these 8 countries, both universal (n = 5) and selective (n = 3) screening policies have been introduced utilising either individual donation (ID; n = 1) or mini-pool (MP; n = 7; MP-6, -16, -24, and -96) testing. We also describe the Irish experience of HEV screening utilising an ID-NAT-based donor screening algorithm which intercepts donations even from those with low-level viraemia; 21 of 56 donors (37.5%) had a viral load (VL) < 100 IU/mL. We performed a MP-24 experiment which may prove useful to colleagues in relation to donor screening and associated blood component transmissibility. Irish results indicate that 59% of donors with a HEV-VL < 450 IU/mL may have screened negative in a MP-24.
Introduction
Many blood establishments have assessed the need to supply hepatitis E virus (HEV) RNA tested blood components to mitigate the risk of transfusion transmitted (TT)-HEV. This is despite the knowledge that dietary exposure to HEV exceeds the risk of blood transfusion in the majority of cases [1, 2] . In the absence of blood donor screening regulation to drive a standard European Union (EU) approach, decisions by blood services in relation to HEV are guided by logistic, economic, and ethical complexities. From January 1, 2015, the European Pharmacopoeia set a mandatory requirement for HEV-NAT screening of solvent/detergent (S/D)-treated plasma [3] . In 2017, the European Centre for Disease Prevention and Control (ECDC) published a surveillance report [4] encompassing 10 years of epidemiological data on HEV in Europe. During this time frame, 80% of HEV infections (16,810/21,018) were reported in 3 EU countries: Germany, France, and the UK. Another 2017 publication which followed an ECDC expert consultation meeting assessing the risk and prevention of HEV transmission through substances of human origin (Lisbon, May 27, 2016 ; participants from 11 EU countries) commented: "if implemented, the screening of blood donations should go hand in hand with raising clinicians' awareness and strict dietary recommendation for patients at risk" [5] . A consultation survey on HEV screening involving 16 different countries suggested that "blood screening is an option but DOI: 10.1159/000499121 according to the majority of responders requires additional data and analyses" with the preferred solution being the eradication of HEV from environmental sources [6] . No other mandatory regulatory requirements exist.
The earliest adopters of HEV screening for S/D-treated plasma included the French (November 27, 2012) [7] and Dutch (January 2013) [8] blood services. On January 1, 2016, the Irish Blood Transfusion Service (IBTS) implemented universal individual donation (ID)-NAT testing for HEV-RNA. Several factors contributed to this decision. Firstly, seroprevalence and RNA incidence amongst Irish blood donors (1: 5,000 donations) [9] and, secondly, the limitations of the Donor Health and Lifestyle Questionnaire in identifying asymptomatic HEVinfected donors. Ethical and legal obligations to protect recipients were also considered.
The emergence of HEV genotype (GT) 3 infection in donor populations is influenced by complexities in the agri-food industry including animal husbandry, slaughter, processing, and distribution. The European Food Safety Authority (EFSA) has issued advisory recommendations in relation to HEV as a food-borne pathogen, acknowledging that "the level of awareness of HEV risk associated with pig meat products and other reservoirs and sources is low" [2] . The European Association for the Study of the Liver (EASL) has recommended that "immunocompromised individuals and those with chronic liver diseases avoid consumption of undercooked meat (pork, wild boar, and venison) and shellfish" [10] . In addition, EASL also recommends that risk assessment and cost-effectiveness studies inform decisions regarding the screening of blood donors for HEV by NAT. By determining HEV-RNA incidence in EU donor populations, the benefit of implementing screening can be assessed [11] . This review article will discuss HEV-RNA blood donor screening in EU countries and summarise RNA detection rates, viral load (VL), and prevalent GT in addition to mini-pool (MP) size, commercial assays used, and testing strategies. We will compare ID-NAT results from Ireland to MP strategies and discuss results in the context of HEV transmissibility of blood components.
Results of Irish Blood Donor Screening from 2016 to 2017
Ireland performs universal ID-NAT screening using the Procleix ® HEV transcription-mediated amplification (TMA) assay. Funding for HEV screening was sourced from the Irish Department of Health for an initial 3-year period (2016) (2017) (2018) . Resources for an additional 3 years were recently approved (2019-2021). An ID-NAT screening strategy is more costly than a MP approach [12] . However, the IBTS decision to screen for HEV-RNA by ID-NAT was primarily because of existing laboratory processes for blood-borne virus (2009) screening. A universal approach was deemed most appropriate because of the logistic challenges surrounding selective donation testing. Furthermore, as a smaller blood establishment (approximately 145,000 donations/year) with limited economies of scale, significant cost savings are not necessarily achievable by adopting either MP or selective testing. Since testing began, the IBTS has interdicted 59 viraemic donations of which a proportion are likely to have transmitted HEV infection to at risk recipients. In addition, HEV screening continues to provide Ireland and the wider blood transfusion community with valuable donor and viral surveillance data.
Our screening algorithm and results of testing from January 1, 2016, to December 31, 2017 , are shown in Figure 1 . Of the 167 initial reactive samples (IR), 59 tested repeat reactive (RR). The majority of confirmed cases (37/59; 63%) were categorised as antibody-negative window period infections. Of note, 6 of these donor samples tested negative for HEV-RNA by PCR, but evidence of seroconversion on follow-up testing confirmed acute HEV infection. These results confirm that the TMA assay is a sensitive tool in detecting early acute infection. Twenty-two out of 59 RR donations (37%) had serological evidence of HEV infection at some time (IgM and/or IgG reactivity). The remaining 108 of 167 donation samples were IR but negative after multiple replicates; termed non-repeat reactives. The majority of these (98/108; 91%) were categorised as false positives based on subsequent serological and molecular testing. A further 6/108 donors were ultimately categorised as true positives based on the progression of HEV serology over the follow-up period. Four donors had weak IgG reactivity at the time of donation (sample to cut-off ratio, S/CO, < 1.9) and again at follow-up (S/CO < 2.5) suggesting either evidence of distant infection or false/non-specific reactivity in the assays, as reported previously [13] . The rate of HEV infection in blood donors was variable over time. We observed periods without any positive cases interspersed with episodes of higher reactivity. As further data on the interaction between animals, food, and human infection become available, the cause of this periodicity may become apparent. In the 2-year time frame, the median age of Irish HEV-positive donors was 37 years (range: 18-66) with 12/59 donors falling in the 18-to 24-year age range (our smallest donor cohort; p = 0.02; Table 1 ). In contrast to Irish donors, the majority of Dutch HEV-RNA-positive donors were in the older 51-to 60-year age category [representing their largest cohort of donors; Hogema B., pers. commun.]. In addition, in France and Scotland for example, the reported median age of HEV-RNA-positive donors is 50 years (range: 25-61) [7] and 47 years (range: 21-69) [14] , respectively.
An ID-NAT screening strategy identifies donations with even low-level viraemia [12] . Of the 59 Irish RR donations, 56 (95%) had a quantifiable VL, and of those 21/56 (37.5%) had a VL < 100 IU/mL (Fig. 2) . The distribution of Irish donor VL data is similar to that which has been reported by Tedder et al. [1] although with MP-24, a smaller proportion of donors with VL < 100 IU/mL was described (2.5 vs. 37.5%). To assess the performance of a MP-24 strategy, the IBTS conducted experiments using sample aliquots (5 mL) collected from the fresh-frozen plasma components (FFP) associated with the 2016 HEV-RNA-positive donor cohort (n = 34). Plasma aliquots were de-archived from -30 ° C storage and thawed for 10 min in a 25 ° C water bath before vortexing briefly to homogenise the plasma. Tubes were then spun for 10 min at 3,000 rpm. Dilution series were prepared using plasma negative for other infectious disease markers at a 1: 24 dilution (comprising 100 µL of HEV-RR plasma and 2,300 µL of negative plasma). Dilutions were then vor- 
Overview of EU Blood Donor Screening Methods and Strategies
Of the 28 EU member states, 8 countries have implemented HEV-RNA donor screening (Table 2 ; November 2012 to April 2018) [16] [17] [18] [19] [20] [21] [22] [23] . Six of the remaining 20 EU countries have published blood donor data. The National Blood Transfusion Service in Malta plans to introduce selective ID-NAT-HEV screening in 2019 [Bonello N., pers. commun.]. Both Denmark and Sweden have evaluated the incidence of HEV-RNA in their blood donors and do not plan to implement HEV screening [22] [23] [24] . In Denmark, TT-HEV was not reported in recipients who received blood components from HEV-infected donors with low VL [22] . However, screening of blood for immunocompromised patients is still under consideration. As far as the authors are aware at the time of publication, the remaining 12 EU countries have no imminent plans to implement screening. Of note, the Swiss Red Cross implemented universal HEV-RNA screening of blood donors in November 2018 (MP-24 using the Cobas HEV assay ® ) with a required detection limit of 450 IU/mL in individual donations [25] .
The 8 EU countries screening blood donors for HEV-RNA (including GT and VL assessment) are outlined in Table 3 [7, 8, 14, [26] [27] [28] [29] [30] [31] . The highest donor reactivity rates are reported by Germany, France, and the Netherlands. HEV screening strategy is broadly divided into 2 categories: universal (U) screening of all blood donations (which is carried out in Ireland, the UK, and the Netherlands) and selective (S) screening (which is performed in blood establishments in France, Austria, and Luxembourg). A selective screening strategy allows for an inventory of HEV-negative blood selected for those patients at highest risk of complicated TT-HEV. In Spain and Germany, blood donations collected within specific regions, Catalonian region; HDZ (Heart and Diabetes Centre) North Rhine-Westphalia, Ruhr University of Bochum, and University Medical Centre Hamburg-Eppendorf, respectively, are universally screened for HEV-RNA. Samples can be screened in MP or ID format. The most commonly used assays in blood screening are the Procleix HEV assay (95% LoD 7.89 IU/mL; Panther testing system; Grifols Diagnostic Solutions, Inc., developed in collaboration with Hologic, Inc.) [previously described 11, 15] and the Cobas HEV PCR assay (95% LoD 18.6 IU/mL; Cobas 6800/8800 systems; Roche Molecular Systems, Inc.) [28] . The RealStar HEV RT-PCR kit ® for donation screening (95% LoD 4.7 IU/mL; Altona Diagnostics, Hamburg, Germany) is also used by some blood establishments [32] .
The United Kingdom
In 2017 across the UK blood services, 1.6 million donations were screened for HEV-RNA and 335 HEV infections were identified (1: 4,771 or 21 cases per 100,000 donations tested) ( Table 3 ) [26] . The NHS Blood and Transplant England employs a MP-24 strategy using the Cobas HEV assay. A selective HEV-screened inventory was maintained from spring 2016 until a universal screening strategy was implemented in April 2017 [26] . In the 
France
France was one of the first EU countries to implement selective HEV testing of donations used to manufacture pooled plasma components [7] . A number of HEV screening strategies have been employed between 2012 and 2015, including ID-NAT, MP-6, and MP-96, yielding an overall reactivity rate of 1: 1,616 donations (Table 3) . MP-96 screening (2012; RealStar RT-PCR kit, Altona; 1: 2,218) was reduced to MP-6 in 2014 (RealStar RT-PCR kit, Altona; 1: 1,317) [28] . Since January 2018, selective MP-6 screening is performed using the Procleix HEV assay [Gallian P., pers. commun.]. HEV-GT 3f was the most commonly observed subtype in confirmed cases with wide variation in reported VL (range: < 100-5,155,800). The first TT-HEV case (GT 3f; RBC transfused to a 7-year-old boy) was reported in 2006 [34] . From 2006 to 2016, 30 TT-HEV cases were reported by the Haemovigilance systems in France with various blood components implicated [35] . Since 2014, there have been no reported TT-HEV cases associated with plasma components.
The Netherlands
From 2013 to 2018, 400,000 donations were screened in selective and universal format with 200 HEV-confirmed cases detected (1: 1,987) using 3 different MP sizes (Table 3 ). In 2013 and 2014, donations to be used in the production of S/D-treated plasma were screened in pools of 96 and 192 for HEV-RNA using a PCR-based assay. In these 2 years, a high incidence of HEV infection at 1 in 762 donations (78/59,474 donations) was observed [8] . On December 2, 2016, the Minister for Health approved the implementation of universal HEV screening of the blood supply [36] . In July 2017, HEV-NAT screening in MP-24 using the Cobas HEV assay on the Roche Cobas 6800 testing system was initiated. After screening over 300,000 donations in a 9-month period (April 19, 2017), the confirmed RNA-positive rate was 1 in 2,179 donations (0.046%). Confirmatory testing is carried out using an in-house quantitative PCR assay [previously reported : 37] . Based on MP-24 screening, all 155 individual donations were reactive when tested by PCR (mostly GT 3c; VL range: 10-25,700,000 IU/mL). Of the donations, 73% were IgM and IgG seronegative, indicating acute infection [Hogema B., pers. commun.].
Germany
From 2015 to 2017, within specific geographical regions, over 250,000 donations were screened universally in MP-24/-96 yielding 205 confirmed HEV-positive donations (1: 1,241) ( Table 3 ). In 2015, the German Advisory Committee Blood [38] commented that severely immunosuppressed patients would "potentially" benefit from HEV-RNA-negative blood, bearing in mind that further research in relation to HEV infection and disease severity is warranted. At the time, they also commented that "a HEV-NAT with a sensitivity of approximately 100 IU/mL would be necessary to achieve a considerable reduction of HEV transmissions." The following year, an increase in the number of HEV infections was reported to national surveillance systems with 84% of HEV infections being acquired locally (HEV is a notifiable disease since 2001) [39] . The Paul Ehrlich Institute (PEI) has indicated the likely introduction of HEV-NAT screening as a mandatory requirement for RBC and platelet concentrates from January 1, 2020, and for FFP from January 1, 2021 [40] . A recent simulation study estimated that an 80% reduction in expected HEV transmissions could be achieved using a NAT assay with a 95% LoD of 20 IU/mL in MP-96. [41] . In comparison, a MP-24 strategy would reduce transmissions by 90% (MP-6 not assessed). Several hospital blood establishments are providing HEVscreened blood components including HDZ, Ruhr University of Bochum, and University Medical Centre Hamburg-Eppendorf (Table 3 ). In the latter centre [30] , retrospective ID testing of previous MP-24-negative donation samples from HEV-positive donors (n = 23/18,737) identified 4 viraemic donors (VL range: 760-4,500 IU/ mL) associated with transfused blood components (n = 14). In this instance, 2 recipients tested HEV-RNA positive (550 and 70,000 IU/mL), and TT-HEV could not be excluded in 3 other recipients. Six out of 7 HEV sequences were identified as belonging to GT3 "Group 2" with low VL detected in 15/23 of donors (≤1,000 IU/mL).
Spain
Between November 2017 and April 2018, over 110,000 donations in the Catalonian region of Spain have been tested with the Procleix HEV assay in MP-16 with a reactivity rate of 1 in 3,846 donations (68% are IgM/IgG negative) [Sauleda Oliveras S., pers. commun.]. The VL ranged from < 40 to > 1,000,000 IU/mL with GT 3f largely described (Table 3) tral Spain (October 2017 to March 2018) identified 1 in 1,524 HEV-RNA-positive donations (MP-8 using RT-PCR; 0.06%) with VL ranging from ∼10,000 to 2,000,000 IU/mL [42] . In Spain, 1 confirmed case of TT-HEV infection (GT 3f) has been reported [43] .
Discussion
Since November 2012, over 3.2 million EU donations have been screened for HEV-RNA with an overall rate of 1 in 3,109 HEV-RNA-positive donations (Table 3) bearing in mind that the results of incidence studies are influenced by MP size and LoD of the assay applied. Based on donation screening, donor VL ranged from < 100 to > 25,000,000 IU/mL with GT 3c being the most commonly reported subtype. In 2017, 8 EU countries were screening blood donations for HEV-RNA as compared to 2 countries in 2014. Factors influencing the decision to adopt either a MP versus ID and universal versus selective testing approach include risk assessment, resource availability, health economics, as well as reputational, political, and other influences. The majority of EU countries (n = 7) who have implemented HEV screening have opted for a MP approach. Large MPs are effective in removing from the blood supply those donations that are most likely to transmit HEV. For those blood establishments which have implemented more costly MP of MP-6/-24, the risk of issuing a HEV-contaminated product is even smaller. Universal screening has been implemented by Ireland, the UK, and the Netherlands. Whilst selective blood donation inventories are challenging to manage, having a supply of HEV-tested blood components available mitigates the risk of TT-HEV in the most vulnerable patients.
There have been several recent studies investigating the infectivity of HEV-contaminated blood components [1, 12, 27, 29, 44] . The likelihood of transmission is influenced by the donor VL and the residual plasma volume of the blood component, i.e., the infectious dose. This information has been crucial in informing decisions by various blood services about which testing strategy should be adopted. Dreier et al. [29] recently estimated the VL in different viraemic blood components and in HEV-RNA-positive donors and concluded lower plasma volume components (RBC) are least likely to transmit compared to high plasma volume components (FFP). The median infectious dose resulting in HEV infection reported by Dreier et al. [29] was 520,000 IU irrespective of recipient immune status. Data on infectious dose from Tedder et al. [1, 44] suggest that infection is unlikely to occur at an infectious dose of < 19,000 IU [27] . Applying this information to data generated in an IBTS MP-24 experiment (VL of 130 IU/mL detected in 2/2 replicates), we could infer that a low plasma volume component (e.g., RBC with 13.5 mL plasma) tested in a MP-24 is unlikely to contain an infectious dose (i.e., ∼1,800 IU) sufficient to cause TT-HEV. However, for an apheresis platelet donation (300 mL plasma volume) equating to a maximum infectious dose of 39,000 IU, there is a reasonable expectation of TT-HEV.
Another important factor to consider when introducing HEV screening is the sensitivity of the assay in combination with MP size (no regulatory policies are in place). The recent PEI recommendations to utilise EU-marketed HEV-NAT assays with a detection limit of 2,000 IU/mL for individual donations implies a MP-96 screening strategy (equating to an ID detection limit of 20 IU/mL) would be acceptable for blood donor screening [40] . Vollmer et al. [32] reports a MP-96 detection limit of 452 IU/mL (95% LoD 4.7 IU/mL using the RealStar RT-PCR kit) in contrast to colleagues [30] with a "theoretical" MP-24 detection limit of 446.4 IU/mL (95% LoD 18.6 IU/mL using the Cobas HEV assay) for single donors. If we extrapolate from the Irish testing experience to date, 59% (n = 35/59 with VL < 450 IU/mL) of our HEV-reactive donations with VL < 450 IU/mL would not have been interdicted by either of these screening strategies. However, the number of TT-HEV cases that would have resulted from these contaminated components which screened negative by MP is difficult to estimate. The situation is further complicated by the knowledge that large MP screening strategies (MP-24) have identified viraemic donations below the calculated LoD (120 and 140 IU/mL) [30] .
Although the burden of disease from low viral load/ infectious dose blood components appears to be small especially in the case of immunocompetent recipients, cases have been reported in the literature. Indeed, chronic HEV infection has been reported in an immunocompetent seropositive individual with no apparent relation to blood transfusion [45] . In Germany, probable HEV infection developed in an immunocompetent recipient who received an apheresis platelet transfusion from a single donor (120 IU/mL HEV-RNA/mL plasma; infectious dose of 8,892 IU) [46] . In France, HEV infection in an immunocompetent trauma patient linked to an unscreened platelet pool product was described [47] . In Spain, a TT-HEV infection occurred in an immunocompetent individual from a RBC transfusion (donor archive sample VL was 75,000 IU/mL) [42] . These cases suggest we have much yet to learn in relation to recipient factors leading to chronic HEV infection. It is important for laboratories, surveillance networks, as well as blood establishments to participate and share information on HEV to identify possible EU control points. HEVNet is a global laboratory surveillance network of hepatitis E experts who collaborate to monitor the clinical and molecular epidemiology of HEV in Europe, including the source, evolution, and spread of HEV (www.rivm.nl/en/hevnet) [48] . DOI: 10.1159/000499121
Conclusions
Research and surveillance studies, expert groups, institutional bodies, and regulators have documented the emergence of HEV and demonstrated it to be a relatively frequent transfusion-transmissible agent in European blood donors. HEV is present not only in the food we consume but also in our environment [49] . The response by blood services to HEV risk is influenced by myriad epidemiological, economic, and political factors. In some countries, blood screening for HEV has not been considered necessary at this time. Universal HEV-ID-NAT testing almost completely excludes donations from asymptomatic viraemic donors but is costly. Most EU countries have opted to implement a MP screening approach to reduce transmission risk. The elimination of HEV will require a "one health" approach, whereby the interrelationships between animals, food, human infection, and the environment are elucidated, and the optimal control points are then identified [50] .
